In this paper, we study vehicular communications (VCs) at intersections, in the presence of interference over Nakagami-fading channels. The interference are originated from vehicles located on two perpendicular roads. We derive the outage probability, and closed forms are obtained. The outage probability is derived when the destination is on the road (vehicle, cyclist, pedestrian) or outside the road (base station, road side unit). We compare the performance of line of sight (LOS) scenarios and non-line of sight (NLOS) scenarios, and show that NLOS scenarios offer better performance than LOS scenarios. We also compare intersection scenarios with highway scenarios, and show that the performance of intersection scenarios are worst than highway scenarios as the destination moves toward the intersection. Finally, we investigate the performance of VCs in a realistic scenario involving several lanes. All the analytical results are validated by Monte-Carlo simulations.
safety messages that alert vehicles about accidents happening in their surrounding. One of the major drawbacks that effect VCs are interference. Hence, investigating the performance of VCs in the presence of interference is crucial in order to design safety applications at urban and suburban intersections.
B. Related Works
The impact of the presence of interference in VCs considering highway scenarios has been investigated in [2] - [4] . In [5] , the authors derive the expressions for the intensity of concurrent transmitters and packet success probability in multi-lane highways with carrier sense multiple access (CSMA) protocols. The performance of IEEE 802.11p using tools from queuing theory and stochastic geometry is analyzed in [6] . The authors in [7] derivate the outage probability and rate coverage probability of vehicles, when the line of sight (LOS) path to the base station is obstructed by large vehicles sharing other highway lanes. In [8] , the performance of automotive radar is evaluated in terms of expected signal-to-noise ratio, when the locations of vehicles follow a Poisson point process and a Bernoulli lattice process.
However, few works studied the effect of interference in VCs at intersections. Steinmetz et al derivate the success probability when the received node and the interferer nodes are aligned on the road [9] . In [10] , the authors analyze the performance in terms of success probability for finite road segments under different channel conditions. The authors in [11] evaluate the average and the fine-grained reliability for interference-limited vehicle-to-vehicle (V2V) communications with the use of the meta distribution. In [12] , the authors analyze the performance of an orthogonal street system which consists of multiple intersections, and show that, in high-reliability regime, the orthogonal street system behaves like a one dimensional Poisson network. However, in lowreliability regime, it behaves like a two dimensional Poisson network. The authors in [13] derive the outage probability of V2V communications at intersections in the presence of interference with a power control strategy.
The authors of this the paper investigated the impact of NOMA using direct transmission in [14] , [15] , cooperative NOMA at intersections in [16] , [17] , and MRC using NOMA [18] , and in millimeter wave vehicular communications in [19] , [20] . The authors of this paper also investigated the impact of vehicles mobility, and different transmission schemes on the performance in [21] and [22] , respectively.
Following this line of research, we study the performance of VCs at urban and suburban intersections in the presence of interference.
C. Contributions
The contributions of this paper are as follows:
• We derived the outage probability expressions over Nakagami-fading channels for specific channel conditions, and when the destination is either on the road (V2V) or outside the road (V2I).
• We compare the performance of suburban (LOS) environment and urban (NLOS) environment, and show that, the urban environment exhibits better performance than suburban environment.
• We compare intersection scenarios with highway scenarios, and show that the performance of intersection scenarios are worst than highway scenarios as the destination moves toward the intersection.
• We investigate a realistic scenario involving several lanes, and show that the increase of lanes decreases the performance.
II. SYSTEM MODEL
In this paper, we consider a transmission between a source, denoted , and a destination, denoted . We denote by and the nodes and their locations. We consider an intersection scenario with two perpendicular roads, an horizontal road denoted , and a vertical road denoted . In this paper, we consider both V2V and V2I communications, hence, and can be either on the road (e.g., vehicle) or outside the road (e.g., base station). We denote by the distance between and the intersection as shown in Fig.1 . Note that the intersection is the point where the road and the road intersect.
The transmission is subject to interference originated from vehicles located on the roads. The set of interfering vehicles located on the road, denoted by Φ (resp. on the road, denoted by Φ ) are modeled as a One-Dimensional Homogeneous Poisson Point Process (1D-HPPP), that is, Φ ∼ 1D-HPPP( , ) (resp.Φ ∼ 1D-HPPP( , )), where and (resp. and ) are the position of interferer vehicles and their intensity on the road (resp. road). The notation and denotes both the interfering vehicles and their locations. The medium access protocols used in VCs are mainly based on CSMA schemes. However, the mathematical derivation considering these protocols might not be possible in our scenario, and closed form expressions are hard to obtain. In addition, [23] , [24] showed that the performance of CSMA tends to the performance of ALOHA in dense networks. Hence, we assume that vehicles use slotted Aloha MAC protocol with parameter , i.e., every node can access the medium with a probability
The transmission between the nodes and experiences a path loss denoted by , where = ‖ − ‖ − , and is the path loss exponent.
We consider an interference limited scenario, hence, the power of noise is set to zero ( 2 = 0).
Without loss of generality, we assume that all nodes transmit with a unit power. The signal received at is expressed as
where  is the signal received by . The messages transmitted by the interfere node and , are denoted respectively by and , ℎ denotes the fading coefficient between and , and it is modeled as Nakagami-fading with parameter [25] . Therefore, the power fading coefficient between the node and , denoted |ℎ | 2 , follows a gamma distribution distribution.
The aggregate interference is defined as
where denotes the aggregate interference from the road, denotes the aggregate interference from the , Φ denotes the set of the interferers from the road, and Φ denotes the set of the interferers from the road. The coefficients ℎ and ℎ denote the fading between and , and between and respectively. They are modeled as Rayleigh fading [26] . Then, the power fading coefficients |ℎ | 2 and |ℎ | 2 , follow an exponential distribution with unit mean.
We consider two scenarios, the LOS scenario, and the non-line of sight scenario (NLOS).
The LOS scenario models the suburban environment, whereas the NLOS scenario models the urban scenario. We denote by LOS and LOS , the path exponent and the fading parameter for LOS, and we denote by NLOS and NLOS the path exponent and the fading parameter for NLOS.
III. OUTAGE EXPRESSIONS
In this section, we calculate the outage probability of the transmission between and . An outage event occurs when the SIR at is below a given threshold. The SIR at is defined as
The outage event at is defined as
where Θ is the decoding threshold. The outage probability expression is given as
To calculate ℙ SIR ≥ Θ , we proceed as follows
Since |ℎ | 2 follows a gamma distribution, its complementary cumulative distribution function (CCDF) is given bȳ
hence
The exponential sum function when is an integer is defined as
then Γ( , )
The equation (8) then becomes
Applying the binomial theorem in (11), we get
where = Θ . We denote, by ( , ), the expectation in (12), hence ( , ) becomes
Using the following property − = (−1)
then
Plugging (15) 
IV. LAPLACE TRANSFORM EXPRESSIONS
After we obtained the expression of the outage probability, we derive, in this section, the Laplace transform expressions of the interference from the road and from the road. The
Laplace transform of the interference originating from the road, is expressed as
Plugging (1) into (18) yields
where (a) follows from the independence of the fading coefficients; (b) follows from performing the expectation over |ℎ | 2 which follows an exponential distribution with unit mean, and performing the expectation over the set of interferes; (c) follows from the probability generating functional (PGFL) of a PPP [27] . Then, substituting
where
The Laplace transform of the interference originating from the road can be acquired by following the same steps above, and it is given by
where is the angle between the node and the road.
The expression (20) and (22) can be calculated with mathematical tools such as MATLAB.
Closed form expressions are obtained for = 2 and = 4. We only present the expressions when = 4 due to lack of space.
In order to calculate the Laplace transform of interference originated from the X road at , we have to calculate the integral in (20) for = 4. Let us take = cos( ), and = sin( ), then (20) becomes (24) and the integral inside the exponential in (24) equals
Then, plugging (25) into (24) , and substituting by sin( ) yields 
Following the same steps above, and without details for the derivation, the Laplace transform expressions of the interference for an intersection scenario, when = 4 are given by Finally, we consider LOS = 2, LOS = 3, NLOS = 4, NLOS = 1, and = 1. We see from Fig.2 that, as the vehicles intensity increases, the outage probability increases, and the throughput decreases. This is because, as intensity increases, the aggregate interference at the receiver increases as well. Hence, reducing the SIR, which will cause an increase in the outage probability, and a decrease in throughput. Surprisingly, we can see that, NLOS scenario has a better performance than LOS scenario, even though the fading degree of NLOS is higher than LOS ( LOS > NLOS ). This is due to the fact that, NLOS > LOS . Hence, the signals of interfering vehicles for NLOS scenario decrease rapidly compared to the signals of LOS scenario. Therefore, the aggregate of the interference in LOS scenario is greater than NLOS scenario. We can draw the conclusion that suburban intersections exhibit lower performance that urban intersections. Fig.3 shows the performance of VCs transmission when and move towards the intersection. We notice that, when and move toward the intersection, the performance decrease.
This is because at intersection, all the interfering vehicles interfere at , which is not the case when is far from the intersection. We also notice, as in Fig.2 , that the LOS scenario has less performance that NLOS scenario. For instance, in Fig.3a , the throughput in NLOS scenario starts to decrease when is at 400 m from the intersection, whereas the throughput in LOS scenario starts to decrease when is at 1000 m from the intersection. For comparison purposes, we compared an intersection scenario with a highway scenario. We can see that the two scenarios offer the same performance when is far from the intersection. However, a significant increase in outage probability can be noticed when is at the intersection. For instance, the outage probability at intersection is 68% higher than in highway for LOS scenario. Fig.4 shows the performance in terms of outage probability when the number of lanes increases. We can see that as the number of lanes increases, the outage probability increases accordingly. This is because, when the number of lanes increases, the number of interfering vehicles increases, which increases the interference at , hence increasing the outage probability.
We also see that the outage probability increases linearly with the number of lanes. Therefore, the gap in performance between LOS and NLOS scenario increases as the number of lanes increases.
VI. CONCLUSION
In this paper, we studied VCs at intersections, in the presence of interference over Nakagamifading channels. We derived the outage probability expressions for specific channel conditions, and when the nodes are either on the road or outside the road. We compared the performance of the suburban (LOS) environment and the urban (NLOS) environment, and showed that the urban environment exhibits better performance than the suburban environment. We also compared intersection scenarios with highway scenarios, and showed that the performance of intersection scenario are worst than highway as the destination move toward the intersection. Finally, we investigated a realistic scenario involving many lanes, and showed that the increase of lanes decreases the performance. 
